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14. ABSTRACT 
Cancer patients often experience chronic emotional stress with diagnosis and successive treatment. 
Psychosocial stressors can activate the sympathetic nervous system (SNS) to release the catecholamine 
norepinephrine (NE), which can stimulate alpha- and beta-adrenergic receptors (alpha- and beta-AR). AR 
stimulation by NE or other agonists has been shown to influence tumor growth in vitro and in vivo through 
induction of angiogenesis and/or metastasis. Our laboratory studies tumor collagen structure through an optical 
technique called second harmonic generation (SHG). Changes in collagen structure, as manifested by changes 
in SHG, can alter tumor growth and metastasis. Our objective is to delineate the role of NE and AR 
stimulation in breast cancer growth and metastasis in the 4T1 murine tumor model. To mimic SNS activation, 
female BALB/c mice were implanted with slow-release pellets containing desipramine (DMI) – a tricyclic 
antidepressant that prevents NE reuptake from noradrenergic synapses. DMI treatment increased 4T1 primary 
tumor growth, but the DMI-induced growth was not associated with altered tumor vasculature or metastasis. 
However, tumor sections from DMI-implanted mice exhibited altered SHG intensity, demonstrating changes 
in tumor collagen structure. Tumor growth and metastasis were increased in mice treated with 
dexmedetomidine (DEX), a highly selective α2-AR agonist, but not isoproterenol (β-AR agonist) or 
phenylephrine (α1-AR agonist). The DEX-induced alterations in tumor progression were also associated with 
alterations in collagen structure as measured by SHG. These results reveal an undescribed role for α2-AR in 
tumor progression, and suggest a novel pathway by which elevated NE may promote tumor progression 
through the extracellular matrix. By understanding the impact of SNS activation on breast cancer 
pathogenesis, we could identify pharmacological means that block sympathetic activation effects that can be 
of therapeutic benefit for breast cancer patients. 
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INTRODUCTION 
 
Cancer patients often experience chronic emotional stress and/or other negative psychological 
factors, such as depression or lack of social support, with diagnosis and successive treatment. A 
recent clinical trial showed that reducing stress decreased cancer recurrence and related-death in 
breast cancer survivors [1]. Using animal models of cancer, reports examining the influence of 
stress, in the form of sympathetic nervous system (SNS) activation, on tumor progression have 
primarily focused on tumor cell lines that express β-adrenergic receptors (β-AR). In a β-AR-
expressing ovarian tumor model, SNS activation in the form of direct β-AR stimulation or restraint 
stress exposure increased primary tumor growth, by means of increased tumor angiogenesis and 
elevated vascular endothelial growth factor (VEGF) [2]. Sloan and colleagues [3] demonstrated in a 
murine breast tumor model that the stress-induced increase in metastasis was mediated through 
increased tumor-associated macrophages (TAMs) that express β-AR. TAMs are known to produce a 
variety of protumorigenic factors to further tumor progression, such as prometastatic factors, 
proteases, and proinflammatory cytokines, e.g., interleukins (IL), matrix metalloproteinases 
(MMPs), and tumor necrosis factor-α (TNF-α) to name a few [4,5]. The stress effects in both 
described in vivo experiments were inhibited by β-antagonists, demonstrating a β-AR-mediated 
mechanism. Breast cancer cell lines and primary human breast tumors are heterogeneous in  β-AR 
expression and signaling capacity [6-9], ranging from no detectable β-AR to very high levels. Of 
note, the stress response can activate both α-adrenergic receptors (α-AR) and β-AR. Although less 
is known about tumor cell α-AR expression, α-AR have been detected in breast cancer cell lines 
[10] and in primary human breast cancers, and high expression of AR has been linked to poor 
prognosis [9]. Host stromal cells within a mammary tumor, such as immune cells, mammary 
endothelial cells, and fibroblasts, are also known to express α- and β-AR [11-13]. Hence, we 
hypothesized that stress-induced norepinephrine (NE) release stimulates breast tumor progression 
through AR stimulation. Given the molecular heterogeneity of AR expression, it is important to 
understand the range of mechanisms that may contribute to stress-induced alterations in tumor 
pathogenesis. 
 
 
BODY 
 
Task 1: Continue formal and informal education in oncology. 
1a. Formal education in oncology. (18 months) 
I gave a poster presentation at the American Association for Cancer Research (AACR) on Tumor 
Microenvironment in November 2011 in Orlando, FL. In addition, I gave an oral presentation at 
the Gordon Research Seminar on Mammary Gland Biology and a poster at the Gordon Research 
Conference on Mammary Gland Biology in June 2012 in Barga, Italy. 
1b. Informal education in oncology. (ongoing) 
I have continued to participate in weekly lab meetings, where members of the lab present their 
research or papers about tumor biology.  I also attend lectures relevant to my research, including 
talks hosted by the Breast Cancer Research Group (part of the University of Rochester’s James 
P. Wilmot Cancer Center). 
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1c. Laboratory training. (ongoing) 
I have continued laboratory training and writing pertinent to my thesis project. In the spring of 
2012, I wrote my dissertation titled, “Evidence for Sympathetic Nervous System Regulation of 
Breast Cancer Progression.” I defended my thesis in June 2012, hence the request to terminate 
my DoD BRCP fellowship a year early (June 2012 instead of June 2013) since I will be returning 
to medical school during the last year of the fellowship allotment. 
1d. Clinical training. (ongoing) 
I am re-entering the University of Rochester School of Medicine in July 2012 to complete my 3rd 
& 4th years of medical school. 
 
 
Task 2: Determine if chronic stressor exposure stimulates breast tumor growth and 
metastasis, and if the stress effect can be inhibited by β-adrenergic receptor (β-AR) 
blockade. 
(Months 0-24) 
 
Task 2a: Measure the catecholamine response to social isolation. (2-5 months) 
 
This task was described in depth in the last report (submitted August 2011). 
 
Task 2b: Determine if chronic stressor exposure alters orthotopic tumor growth and metastasis in 
mice. (6-12 months) 
 
In the last report, we explained how we revised our social isolation stressor model using the 
human MB-231 breast cancer cell line in two ways: 1) we utilized the treatment desipramine 
(DMI), a NE-reuptake inhibitor used to treat patients suffering from depression, to elevate NE as 
a pharmacologic “stressor” exposure; and 2) we altered our in vivo tumor model to 4T1, a murine 
mammary adenocarcinoma cell line, which is grown in immunocompetent BALB/c mice and 
quickly metastasizes to the lung from the primary tumor when injected into the mammary fat 
pad. We had previously determined that 4T1 cells express no detectable β-AR and do not 
respond to β-AR agonists with elevated cAMP (data not shown), and hence, we viewed 4T1 as a 
good model for examining NE effects on the tumor stromal cells in the absence of direct 
involvement of β-AR-expressing tumor cells. In that report, we showed that 21-day release 10 
mg DMI pellets, which chronically delivered about 0.5 mg DMI per day, significantly 
augmented 4T1 primary tumor growth and increased NE in the spleen. However, it did not alter 
lung metastasis, and the DMI-treated tumors produced a significant decrease in VEGF, an 
unexpected effect considering the increased primary tumor growth. 
 
DMI Decreases 4T1 Tumor VEGF but Does Not Alter Blood Vessel Density 
To determine if there was a change in tumor blood vessel density due to decreased VEGF, 
sections from 4T1 tumors were stained by immunocytochemistry (ICC) for CD31+ endothelial 
cells. Using mutiphoton laser scanning microscopy (MPLSM), five random images of one tumor 
section per tumor were imaged by a blinded observer at 810 nm excitation wavelength and at the 
same power (100 mW) and detector settings. To detect immunofluorescence, fluorophore 
emission was collected using bandpass filters 635/30 for the Alexa-Fluor 594 secondary 
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antibody. Figure 1A shows a representative image of the tumor blood vessels imaged using 
MPLSM. To quantify immunofluorescence, the percentage of pixels above threshold was 
calculated, and all images were analyzed using custom-written algorithms in ImageJ (NIH 
Freeware). However, there was no difference in blood vessel density between DMI-treated and 
placebo tumors (Figure 1B) despite the decrease in tumor VEGF in the treated tumors. 
 
A. 

 
 
 
 
 
 

DMI Alters 4T1 Tumor TNF-α  but Not Macrophage Density 
 To further investigate mechanism(s) underlying DMI-induced tumor growth, we measured 
several proangiogenic and prometastatic factors. We found no difference in tumor IL-6, IL-1β, or 
MMP-9 concentrations (Figure 2A-C) at day 14 after tumor cell injection, when the experiment 
was ended because of increased tumor growth (see previous report). However, TNF-α was 
doubled in the DMI-treated tumors (Figure 2D; student’s t-test, p=0.026).  

 
 
Since TNF-α is produced by macrophages and enhances tumor progression [5], we asked if 
increased TNF-α production was associated with increased number of macrophages. 4T1 tumor 
sections were stained by ICC for F4/80+ macrophages, imaged with MPLSM, and quantified as 
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Figure 1. A) Representative 
ICC fluorescent staining of 
CD31+ blood vessels in a 
4T1 tumor as imaged by 
MPLSM. B) Percentage of 
CD31+ pixels above 
threshold from the 4T1 
tumors. Results are 
expressed as mean ± SEM, 
n=9 placebo & DMI. 

Figure 2. IL-6 (A), IL-1β 
(B), MMP-9 (C), and TNF-
α (D) production by tumors 
harvested 14 days after 4T1 
tumor cell injection. Results 
are expressed as mean ± 
SEM, n=9 placebo & DMI. 
*p<0.05 versus placebo by 
student’s t-test. 
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described for CD31+ endothelial cells. Figure 3A is a representative image of F4/80+ stained 
macrophages from a 4T1 tumor as imaged by MPLSM, and image analysis of the percentage of 
pixels above threshold revealed no difference in macrophage density between DMI-treated and 
placebo tumors (Figure 3B). 
 
A. 

 
 
 
 

 
In vitro, NE and TNF-α  Do Not Alter 4T1 Proliferation, and NE Does Not Alter 4T1 VEGF 
Production 
The DMI results presented in the previous report and here imply that a DMI-induced increase in 
NE availability caused alterations in 4T1 tumor pathogenesis. It is our contention that if such 
changes occur in the tumor, it is unlikely that the effects of DMI are mediated through direct 
interaction of NE with 4T1 tumor cells. To further confirm that NE is unlikely to act directly on 
4T1 tumor cells, we tested 4T1 proliferation and VEGF production in vitro. Varying 
concentrations of NE were unable to alter 4T1 proliferation (Figure 4A) and VEGF production 
(Figure 4C). These results are consistent with our previous 4T1 results demonstrating the lack of 
β-AR expression and β-AR-induced cAMP production (data not shown). Furthermore, since 
DMI-treated tumors increased TNF-α, we tested if TNF-α was capable of altering 4T1 
proliferation in vitro, but it did not (Figure 4B). Under our low-serum culture conditions, 4T1 
production of TNF-α is not detectable. These results suggest that it is unlikely that NE can 
directly stimulate 4T1 cells in isolation to alter tumor growth. 
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Figure 3. A) Representative 
ICC fluorescent staining for 
F4/80+ macrophages as 
imaged by MPLSM. B) 
Percentage of F4/80+ pixels 
above threshold from the 
4T1 tumors (B). Results are 
expressed as mean ± SEM, 
n=9 placebo & DMI. 
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α2-AR Stimulation, but Not α1-AR and β-AR Stimulation, Alters 4T1 Tumor Growth and 
Metastasis 
In the next experiment, we sought to determine the AR mediating DMI-induced changes in 
tumor growth. NE can stimulate both α- and β-AR, but in the 4T1 tumor model, β-AR are only 
present on the tumor stromal cells since they are not present or signaling through 4T1 tumor 
cells. We employed daily intraperitoneal injections to mimic what others had found effective in 
the context of increased tumor pathogenesis following β-AR stimulation with isoproterenol 
(ISO) [2,3]. We performed pilot experiments to establish doses of the following AR agonists: 
ISO, a nonselective β-AR agonist; phenylephrine (PE), an α1-AR agonist; and dexmedetomidine 
(DEX), a highly selective α2-AR agonist. We tested a range of doses based on the literature to 
elicit physiological alterations and to ensure that we did not elicit overt toxicity. At the dose of 
10 mg/kg ISO (3 mice), two of the mice died by day three post tumor injection. At 5 mg/kg ISO 
(3 mice), all mice displayed excitatory behavior when handled, such as increased activity and 
jumpiness, but no mice died, so this dose was used as the experimental dose. PE was 
administered at doses of 5 mg/kg and 10 mg/kg. The mice also exhibited some excitatory 
behavior after drug administration, but all mice survived so 10 mg/kg was chosen as the 
experimental dose. Both ISO and PE elicited a loss in body weight followed by recovery, similar 
to that of DMI (data not shown). DEX is often used as an anesthetic, which was not our goal 
with the treatment. Initially, we administered DEX at doses ranging from 10 to 200 µg/kg to one 
mouse each. Mice receiving 25 to 100 µg/kg all showed slowed behavior, and the mouse 
receiving 200 µg/kg was completely anesthetized, but all mice recovered within an hour of 
treatment. We chose 10 µg/kg as a dose of DEX that does not elicit sedative behavioral changes. 
Agonists were delivered in sterile saline, and initiated two days prior to 4T1 injection and 
continued once daily throughout the duration of the experiment, similar to our protocol of 
chronic DMI treatment in which the slow-release pellets were implanted two days prior to tumor 
cell injection. 
 
In mice treated with ISO or PE, there were no differences in tumor volume (Figure 5A, C) or 
weight (Figure 5B, D) compared to saline. However, the mice treated with DEX developed 
significantly larger tumors by day 19 (Figure 5E; repeated measures two-way ANOVA, main 
effect of DEX treatment, p=0.10; DEX x time interaction, p=0.002; time, p<0.0001; by 
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Bonferonni post-hoc analysis, p<0.01 on day 19). There was a trend toward increased tumor 
weight at sacrifice on day 19 in the DEX-treated mice (Figure 5F; student’s t-test, p=0.095).  

 
At termination of the experiment, lungs were fixed in formalin, paraffin-embedded, and sliced 
before staining by standard hematoxylin and eosin (H & E) techniques. Metastatic foci were 
visualized using a 4X objective lens and counted in each tissue section by a blinded observer. 
Metastases were not altered in ISO- or PE-treated mice (Figure 6A, B), but DEX significantly 
increased the number of metastasis to the lung (Figure 6C; student’s t-test, p=0.007). 
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Figure 5. Beginning 2 
days prior to 4T1 cell 
injection, mice were 
injected daily with 
saline or 5 mg/kg ISO 
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(C,D), or 10 µg/kg 
DEX (E,F). Tumor 
volume over time and 
weight at sacrifice 19 
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injection. Results are 
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D. 

 
 
α2-AR Stimulation Alters Macrophage Density But Not Tumor Cytokines 
The DEX-induced increase in tumor growth was not associated with significant alterations in 
tumor VEGF, IL-6, or TNF-α (Figure 7A-C). Immunocytochemical analysis of tumor F4/80+ 
macrophages revealed a borderline significant increase in macrophage density in the DEX-
treated group (Figure 7D; student’s t-test, p=0.056). Therefore, α2-AR-induced increase in tumor 
growth and metastasis is associated with increased numbers of TAMs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2c: Determine if chronic stress-induced alterations in breast cancer growth in vivo can be blocked 
by a clinically available β-AR antagonist. (6-12 months) 
 
Due to the inability to show a consistent elevation in stress-induced tumor growth in our 
previous report, we did not test β-AR blockade in the context of stress. Instead, we utilized 
specific agonists for α1-AR, α2-AR, and β-AR to delineate the receptor responsible for changes 
in 4T1 tumor growth and metastasis (see Task 2b). Interesting, β-AR to not appear to be the sole 

Figure 6. Beginning 2 days prior to 4T1 
cell injection, mice were injected daily 
with saline or 5 mg/kg ISO (A), 10 
mg/kg PE (B), or 10 µg/kg DEX (C). D) 
Representative image of a 4T1 lung 
metastasis from a DEX-treated mouse. 
Results are expressed as mean ± SEM, 
n=6 saline & ISO or PE, n=9 saline & 
DEX. **p<0.01 versus saline by 
student’s t-test. 

50 µm 

Figure 7. Beginning 2 days 
prior to 4T1 cell injection, 
mice were injected daily 
with saline or 10 µg/kg 
DEX, and tumors were 
harvested 19 days after 4T1 
tumor cell injection. VEGF 
(A), IL-6 (B), and TNF-α 
(C) production and 
percentage of F4/80+ pixels 
above threshold as imaged 
by MPLSM (D) from the 
4T1 tumors. Results are 
expressed as mean ± SEM, 
n=9 saline & DEX. 
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AR responsible for these changes. Rather, α2-AR are capable of inducing increased primary 
tumor growth in the 4T1 tumor model. 
 
 
Task 3: Determine if breast cancer metastasis to the brain increases with chronic stressor 
exposure and, further, if it can be inhibited by β-AR blockade. 
(Months 8-20) 
 
We have no progress to report on this task since we altered our tumor model to one that does not 
metastasize to the brain. However, we did report on alterations with 4T1 metastasis to the lung 
with AR stimulation (see Figure 6). We found α2-AR, not β-AR, to be the critical AR in the 4T1 
tumor model. 
 
 
Task 4: Determine if chronic stressor exposure alters the ordering of collagen in tumors as 
quantified with second harmonic generation (SHG). 
(Months 20-32)  
 
The structure of the collagenous extracellular matrix is believed to play a pivotal role in the early 
steps of tumor cell migration and metastasis [14]. The arrangement of collagen fibers is uniquely 
visible under MPLSM with an optical process called second harmonic generation (SHG) [15]. 
SHG is an endogenous optical signal produced when two excitation photons combine to produce 
one emission photon, “catalyzed” by an anisotropic structure, such as ordered collagen triple 
helices [16]. In murine breast tumor models, tumor cells move towards blood vessels along fibers 
that are visible via SHG [17]. Tumor cells moving along SHG-producing collagen fibers move 
more efficiently through tissue than those cells moving independently of SHG-producing fibers 
[18], and the extent of SHG-associated tumor cell motility is correlated with metastatic ability of 
the tumor model [19]. Furthermore, the tumor-host interface of murine breast tumor models is 
characterized by SHG-producing collagen fibers that are associated with tumor cells that can 
invade the surrounding tissue [20]. Finally, in human breast cancer samples, the presence of 
these SHG-producing fibers is a prognostic indicator of disease-free survival, independent of 
grade, size, and receptor status [21]. 
 
The same 4T1 tumor sections that were processed for ICC in the 10 mg DMI and the 10 µg/kg 
DEX experiments (described in Task 2b) were used for SHG analysis. SHG signal propagated 
back from the tissue towards the excitation objective lens was separated from the fluorophore-
generated fluorescence by a 475 nm long-pass dichroic (Semrock) and detected with a bandpass 
405/30 emission filter. All images were analyzed using custom-written algorithms in ImageJ 
(NIH Freeware). Figure 8A is a representative image of SHG-producing collagen in a 4T1 tumor. 
Analysis of the percentage of SHG pixels above threshold revealed no difference in the DMI-
treated tumors (Figure 8B), but the intensity of those SHG pixels was increased (Figure 8C; 
student’s t-test, p=0.035). Alternatively, the DEX-treated tumors did not show a difference in the 
intensity of SHG pixels above threshold (Figure 8E), but they did have increased percentage of 
pixels above threshold (Figure 8D; student’s t-test, p=0.038).  
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These alterations in SHG indicate differences in collagen structure within tumors treated with 
either DMI or DEX that correlate with augmentation of primary tumor growth (for DMI) or with 
tumor growth and metastasis (for DEX). An interpretation of the DMI-treated tumor SHG result 
is that there is no increase in production of that class of collagen with the structure necessary to 
generate detectable SHG (hence no increase in percentage of pixels above threshold) but that the 
microstructure of that class of collagen is itself altered (hence leading to an increase in intensity 
of those pixels); we will call this an alteration in “SHG+ fiber microstructure.” On the other hand, 
the DEX-treated tumors showed an increase in the percentage of pixels above threshold without 
an increase in the brightness of those pixels above threshold. An interpretation of this SHG result 
is that there is more production of that class of collagen with the structure necessary to generate 
detectable SHG (hence an increase in the percentage of pixels above threshold), but no 
significant change in the microstructure of that class (hence no increase in intensity of those 
pixels); we will call this an increase in “SHG+ fiber content.” One interpretation of the 
incongruent SHG results between DMI and DEX is that DEX stimulation of α2-AR leads to a 
series of steps within the tumor culminating in an alteration in SHG+ fiber content (Figure 9).  

Figure 8. Following treatment with pellets (placebo or 10 mg DMI) or daily injections (saline or 
10 µg/kg DEX), tumors were harvested 14 or 19 days after 4T1 tumor cell injection. A) 
Representative image of SHG as imaged by MPLSM. Percentage of SHG pixels above threshold 
(B) and SHG pixel intensity (C) from 4T1 tumors in 10 mg DMI experiment. Percentage of SHG 
pixels above threshold (D) and SHG pixel intensity (E) from 4T1 tumors in 10 µg/kg DEX 
experiment. Results are expressed as mean ± SEM, n=9 placebo & DMI, n=9 saline & DEX. 
*p<0.05 versus placebo or saline by student’s t-test. 
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This increase provides a progrowth, prometastatic microenvironment for the tumor cells. 
However, NE stimulates α2-AR but also “other” receptors (see below), which themselves 
produce a series of actions. One of those actions is a blockade of the increase in SHG+ fiber 
content and hence a blockade of the subsequent progrowth and prometastatic effects as seen with 
DEX treatment. However, another consequence is an alteration in SHG+ fiber microstructure, 
which apparently has progrowth but not prometastatic effects. We can add some detail to this 
proposed model when we observe that, interestingly, DMI treatment increased TNF-α in the 
tumor, while DEX did not. In another research project in our laboratory, E0771 murine 
mammary adenocarcinoma grown in TNF-α-/- mice had a significantly lower intensity of SHG 
pixels above threshold without a significant change in percentage of pixels above threshold (data 
not shown), which is consistent with the observed SHG and TNF-α effects after DMI treatment. 
This effect suggests that the same processes downstream of NE that inhibit a change in SHG+ 
fiber content also directly inhibit tumor metastasis, perhaps through direct effects on tumor cell 
motility, and that this inhibition is induced by DMI treatment upstream of TNF-α expression.  
 
The identification of the “other” receptors stimulated by DMI to induce its effects is rendered 
difficult by our observation that PE (α1-AR specific) and ISO (β-AR specific) had no significant 
effects on tumor growth or metastasis. However, in the literature, metastatic effects were 
observed after ISO treatment at the dose of 10 mg/kg [3]. Our ISO experiments were limited to 
the lower dose of 5 mg/kg due to excessive animal fatalities at the 10 mg/kg dose, which were 
not reportedly observed by others [2,3]. Furthermore, we have yet to examine the impact of ISO 
on tumor SHG and changes in other tumor cytokines that may provide evidence for β-AR-
mediated effects on 4T1 tumor pathogenesis. Consequently, we conclude that the “other” 
receptor by which DMI-induced effects through NE could be β-AR, and one interpretation of the 
results from these experiments is given by Figure 9. In the future, we intend to readdress the role 
of β-AR in the 4T1 DMI model. 
 

Figure 9. Proposed mechanisms of 4T1 tumor progression after AR stimulation. 
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Task 5: Examine sympathetic innervation, tumor and non-tumor cell types expressing β-
AR, and collagen ordering in human breast tumors. 
(Months 24-30) 
 
In our last report, we discussed our findings of the presence of tyrosine hydroxylase-positive 
(TH+) sympathetic nerve fibers within 4T1 tumors and their association with CD31+ blood vessel 
endothelial cells. In the course of these experiments, we did not have time to investigate the 
relationship between β-AR expression, TH+ noradrenergic nerve fiber, and collagen ordering in 
paraffin-embedded tumor biopsies from breast cancer patients. Others in the lab intend to 
conduct this work since I am leaving to return to medical school. 
 

 
KEY RESEARCH ACCOMPLISHMENTS (*denotes accomplishments from previous report) 
 
*We demonstrated that the impact of social isolation is of limited duration. This may be of 

particular significance when a tumor is slow-growing. 
 
*Using 4T1, an aggressive breast tumor model that does not express detectable β-AR, we 

demonstrated that NE elevates tumor growth but not metastasis, suggesting that tumor 
stromal cell components may facilitate tumor cell growth, even when the tumor is not 
able to directly respond to NE. 

 
*The mechanism(s) mediating the desipramine-induced increase in tumor growth is not 

increased VEGF and IL-6 production, key drivers of angiogenesis, as we originally 
hypothesized, suggesting alternative mechanisms may elicit primary tumor growth upon 
stressor exposure and activation of the sympathetic nervous system. 

 
• Selective α2-AR stimulation by dexmedetomidine increased breast tumor growth and 

metastasis. 
 
• Neither NE, through desipramine treatment, nor α2-AR stimulation altered tumor angiogenesis. 
 
• Tumor collagen microstructure is altered by elevated NE, suggesting a novel mechanism driven 

by changes in the tumor extracellular matrix that may contribute to tumor pathogenesis. 
 
 

REPORTABLE OUTCOMES 
 
Dissertation Defense: Evidence for Sympathetic Nervous System Regulation of Breast Cancer 
Progression. June 22, 2012. 
 
Publications: 
Szpunar MJ, Burke KA, Brown EB, Madden KS. Chronically elevated norepinephrine and α2-
AR stimulation promotes breast tumor progression through alterations in collagen structure. In 
preparation. 
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Madden KS, Szpunar MJ, Brown EB. Early impact of social isolation and breast tumor 
progression in mice. Brain Behav Immun. 2012. Epub ahead of print. PMID: 22610067. 
 
Oral Presentations: 
Szpunar MJ, Burke KA, Byun DK, Liverpool KM, Brown EB, Madden KS. Evidence for 
sympathetic nervous system modulation of mammary tumor pathogenesis via tumor collagen. 
Gordon Research Seminar: Mammary Gland Biology. Barga, Italy. June 9-10, 2012. 
 
Szpunar MJ, Burke KA, Byun DK, Liverpool KM, Brown EB, Madden KS. Sympathetic 
nervous system activation and function in a beta-adrenergic receptor negative breast cancer 
model. Medical Scientist Research Symposium – University of Rochester, January 13, 2012. 
 
Poster Presentations: 
Szpunar MJ, Burke KA, Byun DK, Liverpool KM, Brown EB, Madden KS. Evidence for 
sympathetic nervous system modulation of mammary tumor pathogenesis via tumor collagen. 
Gordon Research Conference: Mammary Gland Biology. Barga, Italy. June 10-15, 2012. 
 
Madden KS, Szpunar MJ, Burke KA, Byun DK, Liverpool KM, Brown EB. Evidence for 
sympathetic nervous system modulation of mammary tumor pathogenesis via tumor collagen. 
Psychoneuroimmunology Research Society Meeting. San Diego, CA. June 6-9, 2012. 
 
Szpunar MJ, Madden KS, Liverpool KM, Brown EB. Sympathetic nervous system innervation 
and function in breast cancer models. American Association for Cancer Research: Tumor 
Microenvironment Complexity. Orlando, FL. November 3-6, 2011. 
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CONCLUSION 
 
Breast cancer is the most common cancer in women in the United States, and patients experience 
chronic emotional stress with cancer diagnosis and successive treatment. The aim of the work 
described here aimed to define biological mechanisms governing how stress and sympathetic 
nervous system activation affect breast tumor progression. We hypothesized that stress-induced 
release of NE augments breast tumor growth through stimulation of α- or β-AR. We initially 
focused on SNS activation and β-AR stimulation since a role for β-AR signaling has been 
demonstrated in stress- and NE-induced alterations in tumor progression and in vitro responses of 
a variety of cancer types. We discovered a potentially clinically significant role for α2-AR in 
promoting breast tumor growth and metastasis. Furthermore, these results suggest that elevated 
NE and α2-AR stimulation in the 4T1 mammary tumor model elicit extracellular matrix changes, 
and propose a unique matrix-based mechanism for sympathetic activation-induced alterations in 
tumor pathogenesis. These changes reveal that NE stimulation of the tumor microenvironment is 
complex. Because NE can act as an agonist for multiple receptors, it can simultaneously cause 
different effects in different cell types within a tumor that contribute to tumor progression. 
Nevertheless, the overall result is a protumorigenic signal that augments tumor progression in the 
4T1 tumor model, and we believe this result will be true in other breast tumor models, and 
furthermore, in at least some patient breast tumors. 
 
Breast cancer is not one disease but a heterogeneous group of diseases, and personalized 
approaches are essential for more effective patient treatment. Our results imply that AR signaling 
and functional outcome vary considerably between breast cancers. Importantly, we have provided 
evidence that SNS activation and NE may influence breast tumor progression through modulation 
of the tumor extracellular matrix. Therapeutics designed to block the biological mechanisms 
underlying stress-induced tumor growth and/or metastasis may prove of beneficial for breast 
cancer patients. 
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a b s t r a c t

Evidence from cancer patients and animal models of cancer indicates that exposure to psychosocial stress
can promote tumor growth and metastasis, but the pathways underlying stress-induced cancer pathogen-
esis are not fully understood. Social isolation has been shown to promote tumor progression. We exam-
ined the impact of social isolation on breast cancer pathogenesis in adult female severe combined
immunodeficiency (SCID) mice using the human breast cancer cell line, MDA-MB-231, a high b-adrenergic
receptor (AR) expressing line. When group-adapted mice were transferred into single housing (social iso-
lation) one week prior to MB-231 tumor cell injection into a mammary fat pad (orthotopic), no alterations
in tumor growth or metastasis were detected compared to group-housed mice. When social isolation was
delayed until tumors were palpable, tumor growth was transiently increased in singly-housed mice. To
determine if sympathetic nervous system activation was associated with increased tumor growth, spleen
and tumor norepinephrine (NE) was measured after social isolation, in conjunction with tumor-promoting
macrophage populations. Three days after transfer to single housing, spleen weight was transiently
increased in tumor-bearing and non-tumor-bearing mice in conjunction with reduced splenic NE concen-
tration and elevated CD11b + Gr-1+ macrophages. At day 10 after social isolation, no changes in spleen
CD11b+ populations or NE were detected in singly-housed mice. In the tumors, social isolation increased
CD11b + Gr-1+, CD11b + Gr-1-, and F4/80+ macrophage populations, with no change in tumor NE. The
results indicate that a psychological stressor, social isolation, elicits dynamic but transient effects on mac-
rophage populations that may facilitate tumor growth. The transiency of the changes in peripheral NE sug-
gest that homeostatic mechanisms may mitigate the impact of social isolation over time. Studies are
underway to define the neuroendocrine mechanisms underlying the tumor-promoting effects of social
isolation, and to determine the contributions of increased tumor macrophages to tumor pathogenesis.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction stressor, on breast tumor growth. Social isolation in rodents elicits anx-
The emotional stress experienced by cancer patients can be associ-
ated with increased tumor progression (Antoni et al., 2006), but the
biological pathways involved in stress-induced tumor progression
are only beginning to be understood. In animal models of cancer, expo-
sure to stressors potentiates tumor growth and metastasis in a variety
of tumors (Hermes et al., 2009; Saul et al., 2005; Shakhar and Ben-Eli-
yahu, 1998; Sloan et al., 2010; Thaker et al., 2006; Williams et al., 2009)
suggesting that therapies targeting stress biochemical pathways may
be effective in reducing tumor progression. Here we examine the
impact of social isolation of adult mice, an ethologically relevant
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iety and other fearful behaviors (Hermes et al., 2009; Williams et al.,
2009). Furthermore, chronic social isolation as experienced by humans
has been linked to cancer (Reynolds and Kaplan, 1990), and is a risk
factor for cancer mortality and other diseases (Hawkley and Cacioppo,
2003).

The sympathetic nervous system (SNS) is a major stressor
pathway characterized by release of the catecholamines norepi-
nephrine (NE) and epinephrine (EPI) from sympathetic noradrener-
gic nerves and from the adrenal medulla. Several lines of evidence
point to a role for the SNS in modulating tumor progression. Regio-
nal ablation of sympathetic nerves depleted NE and reduced tumor
growth (Raju et al., 2007). Stress-induced increase in tumor growth
and/or metastasis can be prevented by pre-treatment with a b-AR
blocker prior to stressor exposure or mimicked using b-AR agonists
in vivo (Shakhar and Ben-Eliyahu, 1998; Sloan et al., 2010; Thaker
et al., 2006). Furthermore, using an ovarian cancer model, Thaker
and colleagues showed that b-AR expression by the tumor cells
was necessary for stressor-induced tumor growth (Thaker et al.,
2006). It is interesting to note the variety of targets in stress- and
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or SNS-induced potentiation of tumor progression including cells of
the immune system (for example, macrophages and natural killer
cells) (Shakhar and Ben-Eliyahu, 1998; Sloan et al., 2010), angiogen-
esis (Thaker et al., 2006), and direct stimulation or inhibition of tu-
mor proliferation (Slotkin et al., 2000). In addition to understanding
the stress-induced neuroendocrine mediators/receptors that mod-
ulate tumor pathogenesis, it is also important to identify the target
cells in order to predict the outcome of stress exposure and to de-
velop therapies with minimal side effects.

The MDA-MB-231 cell line is a human mammary tumor adeno-
carcinoma representative of the more aggressive triple negative
human breast cancer. MB-231 cells express high levels of b-AR,
as detected by standard radioligand binding assay, but other breast
cancer cell lines displayed a low level of b-AR expression and min-
imal responsiveness to NE in vitro (Madden et al., 2011). By con-
trast, NE stimulation of MB-231 cells inhibits VEGF production,
and dramatically increases IL-6 production in vitro. With the view
that MB-231 serves as a model of breast cancers expressing high
levels of b-AR, we have begun testing the impact of stressor expo-
sure on MB-231 tumor growth, using social isolation as an estab-
lished model of a psychological stressor that can promote tumor
progression, including spontaneous mammary tumor progression
(Hermes et al., 2009; Thaker et al., 2006; Williams et al., 2009).

We report here that social isolation transiently increased tumor
growth only when social isolation was initiated when tumors were pal-
pable. These changes were associated with alterations in tumor macro-
phage populations early after social isolation and not associated with
elevated tumor or peripheral NE concentration. The results demon-
strate the complexity of the response of breast tumors to stressor expo-
sure that needs to be better characterized before targeting stress
hormones in the therapeutic treatment of breast cancer.

2. Materials and methods

2.1. Mice

Female severe combined immunodeficiency (SCID) (NOD.CB17-
Prkdcscid/J) mice were purchased from The Jackson Laboratory, Bar
Harbor, ME between 6 and 8 weeks of age, and were housed 5 per
cage with food and water ad lib on a 12:12 light:dark cycle. SCID
mice were provided acid water ad lib upon arrival. The mice were
housed using microisolator technology to effect a biological barrier
at the level of the individual cage. Upon initiation of the experi-
ments, the antibiotic sulfamethoxazole and trimethoprim (Hi-Tech
Pharmacol. Co., Amityville, NY) was included in the drinking water
throughout the duration of the experiment. The antibiotic treat-
ment was necessary in order to prevent the occasional pneumonia
that developed in these immunodeficient mice. All experimental
protocols were approved by the University of Rochester University
Committee on Animal Resources.

2.2. Cell lines

MB-231 tumor cells (American Tissue Type Collection; Manas-
sas, VA) were maintained in Dulbecco’s Modified Essential Medium
(DMEM) containing 4.5 g/L glucose, L-glutamine, penicillin/strepto-
mycin and 10% fetal calf serum (FCS) (all from Gibco, Invitrogen
Inc., Carlsbad, CA). MB-231 cells were employed experimentally
within 3 months of acquiring and/or thawing, and were regularly
tested for the absence of mycoplasma contamination.

2.3. Social isolation

SCID mice were allowed to adapt to group housing (5 per cage) for
at least two weeks before being housed singly. Both group- and sin-
gle-housed mice were housed in cages measuring 7.5’’ � 11’’ � 5’’.
Please cite this article in press as: Madden, K.S., et al. Early impact of social iso
http://dx.doi.org/10.1016/j.bbi.2012.05.003
2.4. Tumor implantation and measures

MB-231 (2–4 � 106 cells) was injected into a single mammary
fat pad of NOD/SCID female mice in mice anesthetized with
90 mg/kg ketamine and 9 mg/kg xylazine. Mice were palpated
weekly until tumors were detected. The shortest and longest diam-
eters of each tumor were measured with calipers. Tumor volumes
was calculated using the equation: 0.5 � length �width2.

2.5. Flow cytometry

Single suspensions from spleen or tumors were prepared by
pressing tissue through a metal mesh into ice-cold PBS containing
10% fetal calf serum. Red blood cells were lysed using ammonium
lysis buffer. After washing, the cells were counted and resuspended
in phosphate buffered saline containing 1% bovine serum albumin
and 0.25% sodium azide (flow wash). Macrophages were stained
using three-color immunofluorescence. Cells (1.5 � 106) were incu-
bated in 25 ll FcBlock (anti-CD16, diluted 1:50; BD Biosciences,
bdbiosciences.com) for 15 min at 4 �C. Rat anti-F4/80 (clone BM8;
FITC-conjugated; Abcam Inc.; abcam.com), rat anti-CD11b (clone
M1/70; Alexafluor 647-conjugated, BD Biosciences) and rat anti-
Gr-1 (anti-Ly-6G and Ly-6C; clone RB6-8C5; PE-conjugated; BD Bio-
sciences) were diluted 1:50 in flow wash. Antibodies (100 ll) were
incubated 30 min at 4 �C. Cells incubated in flow wash only served
as autofluorescent controls. Cells were washed two times in flow
wash, fixed in 0.5 ml PBS containing 1% paraformaldehyde, and
stored in the dark at 4 �C for no longer than 2 weeks before analysis.
Fluorescence was analyzed in the University of Rochester Flow
Cytometry Core on a BD LSR II 18-Color flow cytometer. Forward
scatter and side scatter gating was used to eliminate non-lymphoid
cells from the analysis. Analysis gates were set based on the auto-
fluorescent controls.

2.6. Cytokine and norepinephrine determination

For cytokines, tumor homogenates at a concentration of 4% w/v
were prepared in RIPA buffer containing protease inhibitors (HALT
Protease Inhibitor Cocktail, Thermoscientific; Thermofisher.com).
To measure NE, tumors were homogenized at a concentration of
1% w/v in 1 N HCl. Protein in homogenates was measured colori-
metrically using a Pierce BCA Protein Assay kit (Thermoscientific).
NE and tumor cytokines in the homogenates were measured by
ELISA according to the manufacturer’s instructions. A NE ELISA
kit was purchased from Rocky Mountain Diagnostics. Mouse- and
human-specific VEGF and IL-6 Quantikine kits (R and D Systems,
Minneapolis, MN) are highly species specific with little or no
cross-reactivity detected with the corresponding analyte from
other species. As reported by the manufacturer and confirmed in
our laboratory, the only (minimal) cross-reactivity detected is
0.2% cross-reactivity of human VEGF in the mouse VEGF ELISA. Se-
rial dilutions of the tumor homogenates were tested to determine
the optimal homogenate dilution for each analyte. Absorption was
measured at 450 nm using a multiwell plate reader (Synergy HT,
Biotek Instruments Inc., Winooski, VT). Curve fitting and sample
concentration calculations were conducted with Gen5 software
(Biotek). Results were normalized based on protein concentration
or tissue wet weight.

2.7. Statistical analysis

Statistically significant differences between groups were deter-
mined using GraphPad Prism software. For all analyses, p < 0.05 is
considered statistically significant. When comparing two groups,
F-test for equality of variance was used to determine if the variance
differed significantly. If variance between the two groups was
lation and breast tumor progression in mice. Brain Behav. Immun. (2012),
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equal, Student’s t-test was used. For non-equal variance, non-para-
metric Mann–Whitney was used as indicated. To compare more
than two groups, a significant main effect by one-way ANOVA
was followed by post hoc Newman–Keuls analysis. Tumor volume
over time was analyzed using a two-way repeated measures
ANOVA, and significant main effects or interactions were analyzed
using Bonferroni’s post hoc analysis.
0 7 14 21 28 34
0

50

100

150

Tu
m

or
 V

ol
um

e 
(m

m
3 )

Group Housed (n=9)
Singly housed (n=8)

A. MB-231 Tumor Growth
3. Results

3.1. Social isolation prior to MB-231 tumor cell injection

We have investigated the impact of stressor exposure in the
form of social isolation on orthotopic growth of the human breast
tumor cell line, MB-231, in SCID female mice. Mice were separated
into single housing one week prior to MB-231 tumor cell injection
(2 � 106 cells) into the mammary fat pad. Fig. 1 represents results
from three experimental repetitions in which tumor growth was
measured over time. In these experimental repetitions, tumor NE,
human and mouse VEGF and IL-6 were not consistently altered
at the time of sacrifice (day 83 post-MB-231 injection in Fig. 1; data
not shown). No difference in lung metastases (the only site of
metastasis from the primary MB-231 tumor) was observed be-
tween the two groups (data not shown). We postulated that the
inability to produce replicable changes in tumor growth was due
to the fact that MB-231 is a slow growing tumor in vivo, allowing
mice to adapt to social isolation. If true, we predicted that social
isolation would have a greater impact if transfer to single housing
took place closer to the exponential phase of tumor growth.
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3.2. Social isolation after MB-231 injection

To test this possibility, SCID mice were injected orthotopically
with MB-231 (4 � 106 cells) and tumor growth was monitored
over time. One-half of the mice were singly housed when tumors
were palpable in all mice (in this experiment, day 14 post-tumor
injection; average tumor volume = �25 mm3). The other mice re-
mained in their home cages, and tumor growth in all mice was
measured over time. MB-231 tumor growth was greater in sin-
gly-housed compared to group-housed mice when tumor volume
was analyzed through day 28 post-separation (Fig. 2A; repeated
measures ANOVA, main effect of housing, p < 0.03 with no interac-
tion by time, p = 0.5). By day 34 post-separation, the effect of social
isolation had dissipated somewhat. When this time point was in-
cluded in the analysis, the main effect was no longer significant
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Fig. 1. MB-231 tumor growth is not altered by social isolation prior to tumor cell
injection. SCID female mice were singly housed seven days prior to orthotopic
injection of MB-231 cells. Tumor diameter was measured with calipers on the days
indicated. Tumor volume is expressed as mean ± SEM, n = 8–10 mice per group.

Please cite this article in press as: Madden, K.S., et al. Early impact of social iso
http://dx.doi.org/10.1016/j.bbi.2012.05.003
(p = 0.07) with no interaction by day post-separation (p = 0.6). Mice
were sacrificed at this time point (day 34 post-separation). Tumor
weight did not differ between groups (data not shown). Interest-
ingly, a trend towards reduced tumor NE in the singly-housed
group was noted (Fig. 2B, Mann–Whitney, p = 0.1). Tumor human
VEGF concentration did not differ between groups (data not
shown), but a trend towards increased human IL-6 was noted in
tumors from singly-housed mice (Fig. 2C; Mann–Whitney,
p = 0.1). Mouse IL-6 did not differ between groups (data not
shown). No difference in lung metastases was observed between
the two groups (data not shown). These results demonstrate that
social isolation facilitated tumor progression, but the duration of
the effect on tumor growth was limited.
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Fig. 2. MB-231 tumor growth is transiently increased by social isolation after
tumor injection. SCID female were injected with MB-231 cells, and when all mice
had palpable tumors, half of the mice were transferred from group to single
housing. (A) Tumor volume over time. NE (B) and human IL-6 (C) were measured by
ELISA in tumors harvested at day 34 post separation. Results are expressed as
mean ± SEM, n = 8–9 mice per group. See text for statistical analysis of tumor
growth. For tumor NE and human IL-6, no significant effects based on the non-
parametric Mann–Whitney test, p = 0.1.
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In this same experiment, a subset of mice was sacrificed day 3
after social isolation to determine if sympathetic activation oc-
curred early after social isolation. At this time point, the tumors
(610 mg in weight) were too small to measure NE; therefore the
spleen was used as a highly-innervated surrogate organ to compare
NE concentration after social isolation. Day 3 post-separation,
splenic NE concentration was significantly reduced in the singly-
housed mice (Fig. 3A; ANOVA, housing x day interaction,
p < 0.001). The decrease in NE concentration was associated with
increased spleen weight (Fig. 3B; ANOVA, housing x day interaction,
p = 0.02), suggesting that the increase in spleen mass reduced NE
concentration in the singly housed mice. By day 34 post separation,
neither NE concentration nor spleen weight was altered in singly-
housed compared to group-housed mice, but compared to day 3,
splenic NE concentration was significantly reduced in both groups
in conjunction with increased spleen mass (ANOVA, main effect of
day, p < 0.001).

3.3. Effects of social isolation on increased spleen mass are not
dependent on tumor

In the next experiment, to determine if the early effect of social
isolation on spleen mass was dependent on the presence of grow-
ing tumors, non-tumor bearing SCID female mice were socially iso-
lated. In addition, flow cytometry was used to determine if
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Please cite this article in press as: Madden, K.S., et al. Early impact of social iso
http://dx.doi.org/10.1016/j.bbi.2012.05.003
macrophage populations were altered after social isolation, as re-
ported for other social stressors (Engler et al., 2004). Social isola-
tion increased spleen weight at this time point in association
with decreased spleen NE concentration (Fig. 4A and B), similar
to the effects at d3 in tumor-bearing mice. The percentage of sple-
nic macrophages expressing F4/80+ and CD11b + Gr-1-cells was
not significantly altered (Fig. 4C and E), but the percentage of
CD11b+ macrophages that co-express Gr-1+ were significantly in-
creased in socially isolated mice. These cells are myeloid derived
suppressor cells that have potent immunosuppressive capabilities
(Gabrilovich and Nagaraj, 2009). These results demonstrate that
the early effect of social isolation in the spleen is independent of
tumor growth, and that specific splenic macrophage populations
are sensitive to neurohormonal changes elicited by social isolation.
Since these macrophage populations are important regulators of
tumor progression, we tested if macrophage populations are al-
tered in spleens and tumors of socially isolated mice.

3.4. Social isolation alters spleen and tumor macrophage populations

The next experiment examined alterations in spleen and tumor
NE concentration and macrophage populations 10 days after social
isolation in mice bearing tumors. Social isolation was initiated
when average tumor volume was �50 mm3. Social isolation did
not alter spleen or tumor weight or NE concentration 10 days after
*

Single

*

Single Group Single
0

5

10

15

20

25

%
 C

D
11

b+
G

r-1
-

E

f tumor growth. Three days after transfer to single housing, SCID female mice were
ined. Asterisk indicates significant difference by Student’s t-test, p < 0.05. Results are

lation and breast tumor progression in mice. Brain Behav. Immun. (2012),

http://dx.doi.org/10.1016/j.bbi.2012.05.003


Group Single
0

5

10

15

20

25

*

%
 F

48
0+

Group Single
0

1

2

3

4

5

*

%
C

D
11

b+
G

r-1
+

Group Single
0

5

10

15

%
C

D
11

b+
G

r-1
-

Group Single
0

5

10

15

20

25

*%
 F

48
0+

Group Single
0

10

20

30

40

%
C

D
11

b+
G

r-1
+

E F

Group Single
0

10

20

30
%

C
D

11
b+

G
r-1

-

G

JIH

Fig. 5. Social isolation alters tumor and spleen macrophage populations. SCID female mice were injected with MB-231 in the mammary fat pad. When tumors were palpable,
one-half the mice were transferred from group-housing to single housing. After 10 days, mice were sacrificed and tumor (A and B) and spleen (C and D) weight and NE
concentration were determined, and macrophage populations were analyzed by flow cytometry in tumors (E–G) and spleens (H–J). Asterisk indicates significance based on
the non-parametric Mann–Whitney test (A and B) or by student’s t-test (D), p < 0.05. In (C), p = 0.067. The results are expressed as mean ± SEM of 9–10 mice per group.

K.S. Madden et al. / Brain, Behavior, and Immunity xxx (2012) xxx–xxx 5
social isolation (Fig. 5A–D). However, macrophage populations
were increased in tumors from socially isolated mice with signifi-
cant increases in the percentage of F4/80+ (Fig. 5E) and
CD11b + Gr-1+ populations (Fig. 5F) and a trend toward an increase
in the CD11b + Gr-1- population (Fig. 5G). In the spleen, the per-
centage of F480+ macrophages was reduced (Fig. 5H) with no sig-
nificant changes in either CD11b+ population (Fig. 5I and J). These
results demonstrate distinct changes in tumor and spleen macro-
phage populations with social isolation.
4. Discussion

Social isolation is a well-characterized social stressor that has
several advantages to more standard laboratory-type stressors. It
is a milder form of stress compared to other forms of stressor expo-
sure. For example, in our hands singly-housed mice do not lose
weight (data not shown) nor display elevated tissue NE concentra-
tion, in contrast to the weight loss (Sloan et al., 2010) and in-
creased tissue NE concentration (Thaker et al., 2006) reported
with daily restraint stress. Yet animals exposed to social isolation
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mimic behavioral anxiety and increased vigilance associated with
social isolation observed in humans (Hermes et al., 2009; Williams
et al., 2009). Here, we demonstrated that social isolation tran-
siently increased MB-231 tumor growth, but only when social iso-
lation was initiated when tumor growth was near exponential
phase. No consistent effects of tumor growth or metastasis were
observed when social isolation occurred prior to MB-231 injection,
suggesting a temporal dependence in the context of a mild stres-
sor. Indeed, early and transient changes in spleen NE concentration
and macrophage populations, independent of whether or not the
animals were tumor-bearing, were observed. Furthermore, in-
creases in tumor macrophage populations took place before any
indications of altered tumor growth. The changes in macrophage
populations in the tumors were not associated with altered tumor
NE. These results suggest that social isolation can have an impact
on tumor progression, but the impact is transient and may not
be associated with dramatic changes in tumor growth and
metastasis.

The changes in macrophage populations in tumor and spleen
indicate that social isolation facilitates leukocyte recruitment – a
process described with another social stressor, social disruption
lation and breast tumor progression in mice. Brain Behav. Immun. (2012),
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(Engler et al., 2004). Repeated social disruption increased spleen
weight in concert with loss of CD11b+ myeloid cells from the bone
marrow and an increase in CD11b+ cells in the spleen. Further-
more, the increase in spleen weight elicited by social disruption
was mediated through b-AR stimulation, as it was prevented by
propranolol pretreatment to block b-AR (Wohleb et al., 2011).
The increase in the CD11b + Gr-1+ population in spleen from
non-tumor bearing, singly-housed mice shown here (Fig. 4), sug-
gests that this process also occurs with social isolation. A similar
stress-induced increase in tumor macrophages has been described
by Sloan and colleagues, who demonstrated elevated F4/80+ tumor
macrophages and a trend toward increased myeloid derived sup-
pressor cells with restraint stress; this effect was blocked by pro-
pranolol treatment (Sloan et al., 2010). Restraint stress did not
facilitate primary tumor growth, but increased tumor angiogenesis
and dramatically elevated metastasis (Sloan et al., 2010). In our
hands, tumor associated macrophage populations expressing
F4/80 and CD11b were increased with social isolation. The spleen
is an important source of tumor associated macrophages and tu-
mor associated neutrophils (Cortez-Retamozo et al., 2012). The so-
cial isolation-induced decrease in the splenic F4/80+ population in
conjunction with an increase in this population in tumors suggests
that the spleen may contribute to the increased F4/80+ tumor asso-
ciated macrophages in socially isolated mice. It is likely that both
the spleen and bone marrow may be targets of stress hormones
that promote the migration of these macrophage populations into
the tumor. Both tumor associated macrophages and myeloid de-
rived suppressor cell populations are associated with tumor pro-
gression (Gabrilovich and Nagaraj, 2009), but we have yet to
establish that the increased tumor macrophages lead to the in-
creased tumor growth in the singly-housed mice.

Social isolation has been characterized as a stressor based on
behavior (it elicits anxiety behaviors in female mice) (Palanza
et al., 2001), but is less well characterized in terms of hypothalamic
pituitary axis or sympathetic nervous system activation. Long-term
social isolation increased development of spontaneous mammary
tumors and metastasis, but these rats were socially isolated from
puberty (Hermes et al., 2009), making it difficult to directly com-
pare to the social isolation procedure here, which was begun when
the mice had reached adulthood. Nonetheless, social isolation led
to reduced baseline levels of plasma corticosterone at the nadir
of the diurnal rhythm in social isolated rats, but an elevated and
prolonged corticosterone response to a stressor (Hermes et al.,
2009; Williams et al., 2009). Similarly, a 21-day period of single
housing did not alter baseline plasma catecholamines, but upon
exposure to an acute stressor, plasma catecholamines in socially
isolated rats were significantly elevated versus group-housed
(Dronjak et al., 2004). Therefore, the social isolation model will
be particularly useful for examining the impact of an acute stressor
in animals exposed to long-term social isolation. The results pre-
sented here suggest that social isolation alone may elicit altera-
tions that have a transient impact. Future plans include using
social isolation to understand the biological consequences of mul-
tiple stressors on tumor pathogenesis, a more likely scenario in the
context of a diagnosis of breast cancer.

The effects of social isolation were not associated with in-
creased NE concentrations in spleen or in tumor, as might be ex-
pected if social isolation activated the SNS. However, there are a
few caveats in interpreting tissue NE measures. First, NE concen-
tration in the spleen appeared to fluctuate with changes in spleen
mass. One way to interpret this finding is that sympathetic nerve
fibers within the spleen do not respond rapidly to a rapid expan-
sion in tissue volume, such as the increase in spleen weight with
social isolation or even in a growing tumor. We can detect sympa-
thetic nerve fibers in MB-231 tumors independent of tumor size,
however the impact of the expanding tumor architecture on NE
Please cite this article in press as: Madden, K.S., et al. Early impact of social iso
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concentration has not been systematically examined. Furthermore,
measuring only tissue NE may not be an appropriate measure of
SNS activation, especially under conditions of a relatively mild
stressor such as social isolation where homeostatic mechanisms
serve to maintain a constant tissue NE baseline (Eisenhofer et al.,
2004)). Therefore, we have begun to assess normetanephrine, a
product of NE metabolism by catechol-O-methyltransferase, as a
potential additional measure of sympathetic activation and re-
leased NE. These experiments will help define the role of SNS acti-
vation and b-AR stimulation in the context of social isolation.

The results presented here demonstrate an early, but transient
effect of a psychological stressor, social isolation, in both tumor-
bearing and normal female SCID mice. The results imply that expo-
sures to relatively mild stressors may promote tumor progression,
depending on the timing relative to tumor growth, but also suggest
the possibility that homeostatic mechanisms can mitigate the im-
pact of social isolation. This is a potential area of investigation in
terms of identifying pathways that help minimize the impact of
chronic stress experienced in breast cancer patients. It is critical
to understand how mild stressors interact to develop into a more
severe stressor and to develop therapies that work in concert with
standard breast cancer therapies to inhibit tumor progression.
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